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ABSTRACT 1	
Mechanical cues play important roles in directing the lineage commitment of mesenchymal stem 2	
cells (MSCs). In this study, we explored the molecular mechanisms by which dynamic tensile loading 3	
(DL) regulates chromatin organization in this cell type. Our previous findings indicated that the 4	
application of DL elicited a rapid increase in chromatin condensation through purinergic signaling 5	
mediated by adenosine triphosphate (ATP). Here, we show that the rate and degree of condensation 6	
depends on the frequency and duration of mechanical loading, and that ATP release requires acto-myosin 7	
based cellular contractility. Increases in baseline cellular contractility via the addition of an activator of 8	
G-protein coupled receptors (lysophosphatidic acid) induced rapid ATP release, resulting in chromatin 9	
condensation independent of loading. Conversely, inhibition of contractility through pretreatment with 10	
either a RhoA/Rock inhibitor (Y27632) or MLCK inhibitor (ML7) abrogated ATP release in response to 11	
DL, blocking load-induced chromatin condensation. With loading, ATP release occurred very rapidly 12	
(within the first 10-20 seconds), while changes in chromatin occurred at a later time point (~10 minutes), 13	
suggesting a downstream biochemical pathway mediating this process.  When cells were pre-treated with 14	
blockers of the TGF superfamily, purinergic signaling in response to DL was also eliminated.  Further 15	
analysis showed that this pretreatment decreased contractility, implicating activity in the TGF pathway in 16	
the establishment of the baseline contractile state of MSCs (in the absence of exogenous ligands). These 17	
data indicate that chromatin condensation in response to DL is regulated through the interplay between 18	
purinergic and RhoA/Rock signaling, and that ligand-less activity in the TGF/BMP signaling pathway 19	
contributes to the establishment of baseline contractility in MSCs.     20	
 21	
 22	
 23	
 24	
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INTRODUCTION  1	
Mesenchymal stem cells (MSCs) isolated from bone marrow are capable of differentiating along 2	
multiple lineages, including adipocytes, osteocytes, and chondrocytes, when they are exposed to soluble 3	
differentiation factors (1-3). Each cell phenotype is characterized by changes in gene expression, which is 4	
accompanied by chromatin remodeling and changes in epigenetic markers (4). That is, as stem cells adopt 5	
a specific lineage, the chromatin within their nuclei condenses into heterochromatin through histone or 6	
DNA modification (e.g., methylation and acetylation) (5-7), which leads to gene suppression in the 7	
condensed regions and reduction in stem cell pluripotency (8, 9). Other lineage specific genes located 8	
within small, non-condensed euchromatic regions retain expression at high levels (10, 11). In addition to 9	
soluble factors, recent studies demonstrate that exogenous mechanical cues play an important role in 10	
determining stem cell fate and driving changes in the epigenetic state (12, 13). However, little is known 11	
regarding how exogenous mechanical forces guide MSC lineage specification and regulate genome 12	
architecture to induce and maintain the differentiated phenotype.   13	
A number of histological methods exist to visualize markers of chromatin modification and 14	
condensation, most commonly, the detection of methylated histone residues (i.e., H3K27me3).  More 15	
recently, Irianto et al. developed an image analysis algorithm based on detectable edges in DAPI stained 16	
nuclei to quantify the degree to which chromatin is condensed (14, 15).  This image analysis method 17	
provides a validated, unbiased, and quantitative measure termed the chromatin condensation parameter 18	
(CCP). This method was initially validated via osmotic challenge chondrocytes (which increases 19	
chromatin condensation) with condensation confirmed by transmission electron microscopy of the cell 20	
nuclei (14). We have likewise shown that the CCP measure can detect changes in response to small 21	
molecule modifiers of chromatin condensation (e.g. GSK343, an EZH2 inhibitor which blocks the 22	
trimethylation of H3K27 and Trichostatin A, an HDAC inhibitor that decondenses the chromatin) (16). 23	
While measures of CCP do not identify specific epigenetic modifications, and do not provide an absolute 24	
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measure of condensation, this measure does enable rapid comparisons between experimental groups 1	
related to changes in the organization and density of the genetic material.      2	
Acto-myosin based cellular contractility likely mediates mechanically-driven changes in stem cell 3	
fate since it is essential for cellular mechanotransduction of physical signals (17-20). Indeed, studies from 4	
our lab and others have shown that acto-myosin based cellular contractility modulates stem cell 5	
differentiation and chromatin remodeling (16, 21, 22). Specifically, we showed that active cell 6	
contractility was necessary to induce chromatin condensation within MSCs in response to dynamic 7	
mechanical loading (16). Furthermore, we demonstrated that such dynamic loading (DL)-induced 8	
chromatin condensation in MSCs required ATP release through hemichannels and subsequent calcium 9	
signaling (16).  In addition, since ATP is stored in intracellular vesicles and discharged through fusion 10	
with the cell membrane (23), ATP release in response to mechanical loading likely occurs in bursts with 11	
necessary refractory periods to refill the intracellular stores. It is unclear how such bursts in ATP 12	
signaling compares to the time course of mechanical loading (i.e., frequency and duration) as well as of 13	
chromatin condensation. Furthermore, ATP-dependent purinergic signaling is closely associated with 14	
actin stress fiber formation and changes in cellular contractility (23). This suggests that ATP signaling 15	
may not be solely downstream of mechanical signaling but may also reinforce cytoskeletal tension, 16	
thereby priming cells for further mechanical stimulation. Finally, gene expression levels of transforming 17	
growth factor beta (TGF-β), which is a potent mediator of stem cell differentiation (24-26), also increase 18	
with DL (16) and may additionally regulate chromatin remodeling. Despite our growing understanding of 19	
the effects of exogenous mechanical forces on MSC behavior, the mechanisms by which mechanically-20	
induced signaling pathways and cellular contractility interact to regulate chromatin remodeling and MSC 21	
fate remain poorly understood. 22	
The objective of this study was to identify how chromatin remodeling within MSCs is influenced 23	
by the timing of applied dynamic loading and ATP signaling, and how both ATP and TGF-β interact with 24	
cellular contractility to mediate the mechanically-driven MSC response. Specifically, we investigated the 25	
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effect of loading frequency and duration on chromatin condensation and probed the importance of cellular 1	
contractility on this process. In addition, we determined the timing of ATP release during loading and 2	
investigated the interplay between ATP signaling and acto-myosin contractility.  Finally, we examined 3	
whether these changes were, in part, mediated through the TGF-β signaling pathway and delineated the 4	
manner by which these pathways interact with mechanically induced purinergic signaling.  Our findings 5	
enhance our understanding of how mechanical stimulation induces long-term changes in MSC phenotype 6	
via epigenetic modification, which is vital for its successful use in tissue engineering applications. 7	
 8	
MATERIALS AND METHODS 9	
Preparation of aligned nanofibrous scaffolds and MSC culture on scaffolds  10	
To fabricate aligned poly(ε-caprolactone) (PCL) scaffolds, a PCL solution (14.3% wt/vol in 1:1 11	
tetrahydrofuran and N,N-dimethylformamide) was loaded into a syringe (20 ml) and extruded at a rate of 12	
2.5 ml/hour through a stainless steel needle (18G, charged to +13 kV) (27). To direct fiber alignment, 13	
PCL fibers were collected onto a cylindrical mandrel rotating with a surface velocity of 10 m/sec.  PCL 14	
scaffolds were hydrated and sterilized in ethanol (100, 70, 50, 30%; 30 minutes/step), and incubated in a 15	
fibronectin solution (20 µg/ml) overnight to enhance cell attachment (27, 28).   16	
Mesenchymal stem cells  were isolated from juvenile bovine tibiofemoral joints (3-6 months old, 17	
Research 87, Inc., Boylston, MA) as in (29) and 2×105 cells were seeded onto each side of the scaffold 18	
(60 × 5 × ~0.5 mm3).  Scaffolds were cultured in a chemically defined serum free medium (CM) (high 19	
glucose DMEM with 1× penicillin/streptomycin/fungizone (PSF), 0.1 µM dexamethasone, 50 µg/ml 20	
ascorbate 2-phosphate, 40 µg/ml L-proline, 100 µg/ml sodium pyruvate, 6.25 µg/ml insulin, 6.25 µg/ml 21	
transferrin, 6.25 ng/ml selenous acid, 1.25 mg/ml bovine serum albumin and 5.35 µg/ml linoleic acid) 22	
without any additional growth factors (29).     23	
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Dynamic mechanical perturbation of MSC-seeded scaffolds 1	
To apply dynamic tensile loading (DL), MSC seeded scaffolds were placed into a custom tensile 2	
loading bioreactor (12). DL was applied in CM (without any additional growth factors, strain: 3 %, 3	
sinusoidal cyclic loading) at varying frequencies (0.2 ~ 2 Hz) for varying durations (up to 600 sec), 4	
following 2 days of pre-culture in CM. To investigate the effect of acto-myosin contractility, constructs 5	
were pre-treated with either the myosin light chain kinase inhibitor ML7 (25 µM, for 1 h, Tocris 6	
Biosciences) or the Rho kinase inhibitor, Y27632 (Y27, 10 µM, for 1 h, EMD Millipore, Bedford, MA) to 7	
decrease contractility (22). Lysophosphatidic acid (50 µM, LPA, 15 min, Sigma) activates RhoA GTPase 8	
through binding to its receptor and was used to transiently increase contractility prior to mechanical 9	
stimulation (22). 10	
Determination of the chromatin condensation parameter (CCP) 11	
To assess chromatin condensation, an image analysis method was adapted from a previous 12	
approach described by Irianto et al. (14, 15). Briefly the constructs were fixed in 4% paraformaldehyde 13	
for 30 mins at 37°C.  A permeabilization solution (0.1% Triton X-100 in PBS supplemented with 320 14	
mM sucrose and 6 mM magnesium chloride) was added followed by three washes in PBS. Nuclei were 15	
stained with DAPI (ProLong® Gold anti-fade reagent with DAPI, P36935, Molecular Probes®, Grand 16	
Island, NY) and scanned across their mid-section using a confocal microscope (Zeiss, LSM 510, Jena, 17	
Germany). To calculate the chromatin condensation parameter (CCP), a gradient-based Sobel edge 18	
detection algorithm was employed to produce an edge map (14, 15), a thinning morphological algorithm 19	
was then used to reduce strong edge lines into single-pixel-thickness entities using MATLAB. After the 20	
border edge of the nucleus was excluded, the area of edges was measured. To compute the CCP, this 21	
value was divided by the cross-sectional area of the nucleus (14, 15). This image analysis method can be 22	
utilized to quantify changes in chromatin architecture in fluorescently labelled nuclei.  23	
 24	
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Measurements of extracellular ATP and intracellular Ca2+  1	
To measure the concentration of ATP in conditioned media, a commercial luciferin/luciferase 2	
based ATP Assay Kit was used (KA1661, Abnova, Taipei City, Taiwan), according to manufacturer’s 3	
instructions. Briefly, 10 µl of conditioned media was transferred into a white opaque 96 well plate. 96 µl 4	
of Assay Buffer with 1 µl Substrate and 1 µl ATP Enzyme was then added to each well. Readings were 5	
taken using a luminescence probe with all emission wavelengths on Synergy™ 2 (BioTek® Instruments 6	
Inc., Winooski, VT). 7	
To determine changes in intracellular Ca2+ concentration ([Ca2+]i), MSCs were loaded with the 8	
fluorescent calcium indicator Cal-520TM AM (15 µM, AAT Bioquest, Sunnyvale, CA) for 1 h at 37 °C. 9	
Scaffolds were placed in a custom micro-tensile device (30), and preloaded to 30 mN prior to taking 10	
images. Images were obtained using a confocal microscope (LSM 5 LIVE; Carl Zeiss, Jena, Germany) 11	
every 4 s for 10 min (0.25 Hz scanning frequency) (30-32). To investigate the effect of mechanical 12	
perturbation on changes in intracellular [Ca2+]i, grip-to-grip strains of 0 and 3 % were applied at 13	
0.05 %/sec (n = 3 samples), and a time-series of images of [Ca2+]i in individual cells was recorded for an 14	
additional 10 min after the cessation of loading. A custom MATLAB (The Mathworks Inc., Natick, MA, 15	
USA) program was used to analyze [Ca2+]i oscillations (% responding cells and the number of peaks in 16	
ten minutes, sFig. 5) as in (30). 17	
Assessment of ATP release and intracellular visualization 18	
Given that DL caused rapid ATP release by MSCs, we next investigated the timing over which 19	
this occurred. For this, MSC seeded scaffolds were subjected to 4 different DL conditions (3%, 0.2 Hz for 20	
30 sec, 1 Hz for 30 sec, 0.2 Hz for 600 sec, 1 Hz for 600 sec), and ATP concentration was measured in 21	
the media after the cessation of loading. Other constructs were subjected to DL for 30s at 0.2 Hz or 1 Hz 22	
followed by free swelling culture for a total 600 sec. In other sets, constructs were subjected to DL for 30s 23	
at 0.2 Hz or 1 Hz, and, after cessation of DL, the conditioned media was switched to fresh media. These 24	
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constructs were cultured in this new media up to 600s. As additional controls, scaffolds were cultured 1	
under free swelling (FS) conditions in CM for 600s or were switched to new CM at 30s followed by 2	
culture up to 600 seconds. In another control group, DL was applied at 1Hz up to 600s, with the media 3	
changed to fresh CM at 30s. These groups are outlined schematically in Fig. 2B. ATP concentration in 4	
each conditioned media and CCP was measured in each of these conditions at 600 seconds, as described 5	
above.  6	
Next, to investigate how fast ATP was released in the context of loading, we applied DL (3%, 7	
1Hz) for periods of time ranging from 5s to 30 s and collected the DL conditioned medium. These 8	
scaffolds were then cultured in fresh CM for an additional 600s and ATP was measured in these media as 9	
well. To visualize the intracellular localization of ATP, cells on scaffolds were stained with quinacrine 10	
dihydrochloride (QD, 5 µM, Q3251, Sigma).  QD staining has previously been reported to identify ATP 11	
filled vesicles in a number of different cell types (33). For this experiment, MSC-seeded scaffolds were 12	
labeled with QD in CM for 1h. After 30 s of DL (1 Hz, 3%) or free swelling culture, constructs were 13	
fixed in 4% paraformaldehyde for 30 mins at 37°C, and visualized using a confocal microscope (Zeiss, 14	
LSM 510, Jena, Germany). The mean intensity of QD staining in the cytoplasm was measured using 15	
Image J.       16	
To determine how quickly ATP stores could be replenished, DL (1Hz, 3%, 30s) was applied at 17	
several time points after the initial loading event, and ATP concentration in the DL conditioned media 18	
was measured. Restoration of ATP-filled vesicles was also visualized via QD staining. In addition, to 19	
inhibit F1F0 in mitochondria (blocking H+ transport coupled to ATP synthesis) (34-36), another set of 20	
constructs was treated with oligomycin (Oligo, 10 µg/ml, 75351, Sigma) or dicyclohexylcarbodiimide 21	
(DCC, 100 µM, D80002, Sigma) after the cessation of DL (1Hz, 3%, 30s), and QC labeling of ATP filled 22	
vesicles was again monitored. 23	
 24	
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 1	
Pharmacologic blockade of TGF-β signaling 2	
To determine the role of TGF-β signaling in load induced chromatin condensation and ATP 3	
release, MSC-seeded constructs were pre-treated with SB431542 (SB, 10 µM, Sigma) to inhibit Smad 2/3 4	
(TGFβ) signaling or LDN193189 (LDN, 100 nM, Reagents Direct) to inhibit Smad 1/5/8 (BMP) 5	
signaling.  Constructs were pre-treated with these inhibitors for 2 hours prior to application of DL (1 Hz, 6	
3%, 600 sec).  Afterwards, constructs were fixed and CCP quantified as described above. In addition, the 7	
DL-conditioned media was collected to measure ATP concentration.  In another experiment, exogenous 8	
ATP was added (for 30 minutes) to MSCs that had been pre-treated with these inhibitors, followed by 9	
quantification of CCP. Similarly, changes in intracellular Ca2+ after pre-treatment with SB or LDN was 10	
investigated as described above, immediately following the application of 0 or 3% strain (n = 3 samples).   11	
Traction force microscopy (TFM) 12	
For traction force experiments, MSCs were seeded onto polyacrylamide (PA) hydrogels (Young’s 13	
Modulus, E = 10 kPa, 3000 cells/cm2, prepared on glass slides) and allowed to attach for 24 hrs before 14	
carrying out TFM (22). Cells and embedded beads (0.2-µm-diameter fluorescent microspheres, F8810, 15	
Invitrogen, Carlsbad, CA) were imaged using a Deltavision Deconvolution Microscope and all imaging 16	
was performed in an environmental chamber (37°C, 5% CO2). TFM data analysis (stack alignment, PIV, 17	
and FTTC) was carried out using an FTTC plugin in Image J and a custom MATLAB script as in (22, 37). 18	
In some studies, cells were treated with Y27632 (Y27, 10 µM. for 1 hour, Calbiochem Merck), SB431542 19	
(SB, 10 µM, for 2 hours, Sigma), or LDN193189 (LDN, 100 nM, for 2 hours, Reagents Direct) prior to 20	
measurement of traction forces.  In additional studies, a neutralizing antibody to TGF-β (1µg/ml, 21	
MAB1835, R&D Systems) was included for 1 hour at 37 °C prior to measurement of traction forces.   22	
Statistical analyses 23	
10	
	
Statistical analysis was performed using ANOVA with post hoc testing (SYSTAT v.10.2, Point 1	
Richmond, CA). Results are expressed as mean ± the standard error of the mean (SEM) or standard 2	
deviation (SD), as indicated in the figure legends. Differences were considered statistically significant at 3	
p<0.05.  4	
 5	
Results 6	
Dynamic tensile loading rapidly induces chromatin condensation  7	
Naive MSCs seeded onto aligned nanofibrous scaffolds were subjected to dynamic tensile loading 8	
(DL) with various frequencies and loading durations in the absence of exogenous soluble differentiation 9	
factors. 3% DL (applied at 0.2 Hz) resulted in chromatin condensation as visualized by alterations in 10	
DAPI staining intensity in nuclei (Fig. 1A).  A similar increase in condensation was also observed with 11	
increased cell contractility when LPA (an activator of the small GTPase RhoA) was added to MSC 12	
cultures under loaded conditions (Fig. 1A). Conversely, when cellular contractility was reduced via 13	
treatment with Y27632 (Y27), an inhibitor of Rho-associated protein kinase (ROCK) or with ML7, an 14	
inhibitor of myosin light chain kinase, this load induced chromatin condensation was abolished (Fig. 1A).  15	
Note that the dose of ML7 used here was sufficient to decrease contractility while preserving the actin 16	
structure, while the dose of Y27 resulted in both a decrease in contractility and loss of stress fibers (22). 17	
 Quantification of chromatin condensation via the computation of a ‘chromatin condensation 18	
parameter’ (CCP) revealed increases of 70~80% compared to unloaded controls (No DL) in CM 19	
conditions when MSCs were exposed to 3% DL for 600 sec (Fig. 1 B, sFig. 1B). This increase in CCP 20	
was independent of the frequency of the applied DL. LPA treatment (for 15 min) increased the baseline 21	
CCP (sFig. 1A), with small increases from this higher level seen with increasing frequency and duration 22	
of loading (Fig. 1B). Conversely, when cell contractility was reduced via pre-treatment with Y27 or ML7, 23	
11	
	
chromatin condensation did not change with any loading condition. This suggests that acto-myosin 1	
contractility is required for load induced chromatin condensation (Fig. 1B).  2	
Based on these findings, we re-plotted the data to determine whether there was a correlation 3	
between DL and CCP values as a function of the number of loading cycles applied. We found a strong 4	
positive correlation between the log of the number of cycles and the CCP value. This was true at every 5	
frequency of applied DL suggesting that there was no effect of loading rate in this situation (sFig. 1C). 6	
Cells that were pre-treated with LPA showed a higher baseline CCP and had a significantly lower slope 7	
relating the number of cycles and the CCP (p=0.017, LPA+DL in sFig. 1C). Pre-treatment with ML7 8	
(ML7+DL in sFig. 1C) or Y27 (Y27+DL in sFig. 1C) resulted in a similar insensitivity to loading cycle 9	
number, albeit starting from a lower CCP value.  10	
 11	
 Extracellular ATP modulates load induced chromatin condensation  12	
 Having demonstrated that DL rapidly induced chromatin condensation in MSCs, we next 13	
investigated the time course of loading induced ATP release. To do so, DL (1 Hz) was applied to MSCs 14	
for different durations (5, 10, 20, or 30 sec) and ATP concentration in conditioned media was measured. 15	
In addition, to determine whether ATP release continued after this initial release, the media (1st media) 16	
was switched to fresh media (2nd media) after the cessation of each loading, and ATP concentration was 17	
measured in this fresh media after an additional free swelling period up to 600 sec. DL triggered rapid 18	
ATP release from MSCs, with the highest values observed after 10 sec. ATP concentration in the media 19	
(2nd media) remained low for all loading conditions (Fig. 2A). In addition, we observed a ~50% decrease 20	
in the intensity of the quinacrine-stained ATP vesicles in MSCs after DL for 30 sec (1 Hz, sFig. 2). These 21	
data suggest that DL induces ATP release very rapidly, within 30 sec, and that little ATP is released after 22	
this point, even when DL is continued. 23	
12	
	
Given that DL triggers rapid ATP release from MSCs, we next investigated the role of 1	
extracellular ATP in the load-induced chromatin condensation. To do so, we evaluated the timing of ATP 2	
release and chromatin condensation in MSCs in response to DL. Compared to free-swelling conditions (a 3	
in Fig. 2B-D), application of 3% DL for 30 sec or 600 sec triggered ATP release from MSCs (determined 4	
in each conditioned media, c or d in Fig. 2B, C). However, as described above, increases in CCP values 5	
were only observed with DL applied for 600 sec (d in Fig. 2B, D) and not after only 30 sec (c in Fig. 2B, 6	
D). Increased ATP concentration in the media as a result of DL (30 sec) did not change with additional 7	
free swelling culture time up to 600 sec (p>0.05, e in Fig. 2B, C). Interestingly, with additional free 8	
swelling culture up to 600 sec, CCP values did increase after the cessation of DL (e in Fig. 2B, D). 9	
Furthermore, when we switched to fresh media immediately after the cessation of DL for 30 sec and 10	
measured ATP in the fresh media and CCP values at 600 sec, ATP in the fresh media remained low (f in 11	
Fig. 2B, C) but the CCP values still increased at 600 sec (f in Fig. 2B, D). In a control group, changing 12	
media alone to fresh CM media did not affect ATP concentration or CCP (Fig. 2B-D). The same was 13	
observed in groups where the media was switched to fresh media at 30 sec during continuous DL up to 14	
600 sec (1 Hz, g in Fig. 2B-D). Similar results were observed when we applied DL at 0.2 Hz (sFig. 3A-B). 15	
These data suggest that DL induced release of ATP within the 30 sec of the start of loading, and that this 16	
early release was responsible for the marked increases in chromatin condensation that occur at a later 17	
point.  18	
 19	
ATP synthase activity is required for the restoration of ATP filled vesicles 20	
Having established that DL rapidly stimulates ATP release, we next sought to determine the rate 21	
at which ATP is replenished in MSCs after DL. This period would represent a ‘refractory’ period in these 22	
cells, during which additional ATP release would not be possible.  To do so, we applied a second bout of 23	
DL (1 Hz, 30 sec) at time points of 1, 2, 3, 4, or 5 hours after the cessation of the 1st bout of DL (1 Hz, 30 24	
13	
	
sec).   ATP release into the media was measured in each of these cases. The highest release occurred 1	
when the additional DL was applied 3 hours after the cessation of the 1st DL (Fig. 3A). However, for all 2	
groups, the levels of ATP release did not match the level measured in the media immediately after the 1st 3	
DL (Fig 3A). Somewhat consistent with these findings, the intensity of the quinacrine-stained ATP 4	
vesicles in MSCs decreased markedly after the 1st DL, but recovered to baseline levels within ~4 hours of 5	
free swelling (FS) culture after the cessation of the 1st DL (DL/FS 4h, Fig. 3B). Application of additional 6	
bout of DL after this 4 hour free swelling (DL/FS 4h/DL) culture decreased the intensity of this staining 7	
(Fig. 3B). Restoration of these intracellular ATP stores could be blocked by inhibition of F1Fo. Inhibition 8	
of mitochondrial H+ transport coupled to ATP synthesis with either oligomycin (Olig) or 9	
dicyclohexylcarbodiimide (DCC), added to the media after 1st DL, resulted in a failure to induce an ATP 10	
release with additional loading. This indicates that ATP synthase in mitochondria is required for recovery 11	
of ATP stores within the cell after the application of the first DL (Fig. 3C). 12	
 13	
Cellular contractility is essential for load induced ATP release  14	
Given that many studies (20) have established that mechanical perturbation activates RhoA/ROCK 15	
signaling (which regulates cellular contractility), leading to ATP release from many types of cells and 16	
changes in Ca2+ signaling, we next determined how dampening of this pathway via treatment with 17	
pharmacological inhibitors might influence load induced ATP release and [Ca2+]i signaling. Consistent 18	
with our previous findings (16), DL (3%, 30 sec) triggered ATP release from MSCs (sFig. 4) across a 19	
range of frequencies (0.2 ~ 0.2 Hz). Similarly, when contractility was increased via treatment with LPA, 20	
ATP release was activated within 5 sec, with levels plateauing after 30 sec (Fig. 4A). In addition, LPA 21	
treatment increased the fraction of MSCs showing [Ca2+]i  oscillations (Fig. 4B) and the number of [Ca2+]i 22	
peaks during a 10 min observation period (Fig. 4C). Conversely, when MSCs were pre-treated with ML7 23	
or Y27 to reduce baseline cellular contractility, ATP release did not occur during DL (Fig. 4D). 24	
14	
	
Furthermore, decreasing contractility by inhibition of either myosin light chain kinase (with ML7) or 1	
ROCK (with Y27) prevented any changes in [Ca2+]i oscillations in response to mechanical perturbation (3% 2	
grip-to-grip static stretch) (E: % responding cells, F: number of peaks, Fig. 4E-F).  Basal cellular 3	
contractility was also required for increases in chromatin condensation with the addition of exogenous 4	
ATP. Addition of a high concentration of ATP increased chromatin condensation (CCP, Fig. 4G), the 5	
fraction of the population showing [Ca2+]i oscillations (Fig. 4H), and the number of peaks during the 6	
observation period (Fig. 4I). However, when contractility was decreased by pre-treatment with MLCK or 7	
Rho inhibitors, no condensation and no changes in [Ca2+]i oscillations was observed with ATP addition 8	
(Fig. 4G-I).  9	
Taken together, these data suggest that mechanical loading triggers ATP release and that this is a 10	
mediator of chromatin condensation in MSCs. Likewise, the action of ATP appears to depend on 11	
contractility, given that the response of exogenous addition of a high concentration of ATP was blocked 12	
in Y27 and ML7 treated cells.       13	
 14	
TGF-β superfamily signaling is essential for load induced chromatin condensation  15	
It is well known that TGF-β superfamily members, including TGF-β and BMP, are involved in 16	
many cellular functions, including cell migration, proliferation, and differentiation (24-26, 38). 17	
Exogenous mechanical cues can also regulate signaling in this pathway (39). To explore the potential role 18	
of TGF-β superfamily signaling in load induced chromatin condensation, inhibitors of this pathway were 19	
applied for 2 hours prior to and during DL (1Hz, 3%, 600 sec).  Pharmacological inhibitors for the TGF-β 20	
superfamily included SB431542 (SB) to inhibit the TGF-β pathway or LDN193189 (LDN) to inhibit 21	
BMP pathway (Fig. 5A). After the cessation of DL, CCP was determined. Also, DL conditioned media 22	
were collected to measure ATP or were added to naive (unloaded) MSC-seeded constructs followed by 23	
determination of CCP (Fig. 5A). When DL was applied with blockade of either TGF-β or BMP signaling 24	
15	
	
(SB/DL or LDN/DL), DL induced chromatin condensation was abolished (Fig. 5B). Further, the addition 1	
of DL conditioned media increased CCP values in unloaded MSC-seeded constructs (Fig. 5C), while the 2	
addition of media collected from SB or LDN pre-treated groups did not change chromatin condensation in 3	
these unloaded MSCs (Fig. 5C). Consistent with our previous findings (16), DL (3%, 1Hz, 600s) 4	
triggered ATP release into the media (Fig. 5D). However, pretreatment with SB or LDN blocked this 5	
ATP release (Fig. 5D). To probe additional downstream responses, we also monitored [Ca2+]i oscillations 6	
in MSCs (Fig. 5E-F): changes in the percent responding cells and the number of peaks in response to 3% 7	
static stretch were all attenuated by inhibition of TGF or BMP signaling (Fig.  5E-F).  Collectively, these 8	
finding suggest that blockade of TGF-β superfamily signaling attenuates the release of ATP and blocks 9	
the activation of calcium signaling upon DL, short-circuiting the load induced chromatin condensation 10	
events that would otherwise occur. 11	
 12	
Blockade of TGF-β/BMP signaling reduces baseline cellular contractility 13	
Given that inhibition of TGF-β/BMP signaling blocked DL-induced ATP release and chromatin 14	
condensation, we next sought to determine whether inhibition of these pathways via pre-treatment with 15	
SB or LDN decreased cellular contractility to the point where insufficient stress was generated in the 16	
cytoskeleton, and whether this was the cause for the loss in mechanically induced ATP release with DL. 17	
To answer this question, traction force generated by MSCs was measured after pharmacological inhibition 18	
of the TGF/BMP SMAD pathways. Traction force maps for single cells showed a marked decrease in 19	
traction with the addition of SB, LDN or Y27 compared to controls in CM conditions (Fig. 6A). 20	
Quantitatively, inhibition SMAD 2/3 or SMAD 1/5/8 (with addition of SB or LDN, respectively) 21	
decreased total force generated per cell by 60-90% (Fig. 6B, sFig. 6A) and the average traction stress per 22	
cell by 60-70% compared to controls in CM conditions, reaching levels similar to addition of Y27 (Fig. 23	
6C, sFig. 6B). Cell area did not change with pharmacological inhibition (s.Fig. 7). Interestingly, 24	
16	
	
activation of these pathways seemed to occur in the absence of ligand, since cell traction was unaffected 1	
when we applied neutralizing antibodies to TGF-β (sFig. 8A, B). These findings indicate that, even in the 2	
absence of ligands, inhibition of TGF-β/BMP signaling decreases baseline cellular contractility in MSCs, 3	
lessening their response to DL.  4	
 5	
 DISCUSSION 6	
In this study, we demonstrated that dynamic tensile loading leads to rapid chromatin condensation 7	
in MSCs on aligned nanofibrous scaffolds in the absence of exogenous differentiation factors.  In addition, 8	
we showed that extracellular ATP release in response to mechanical stimulation is a key early regulator of 9	
this chromatin condensation. Indeed, it appears that a burst release of ATP (within 30 sec of loading onset) 10	
is sufficient to mediate subsequent changes in chromatin condensation that culminate by 600 seconds. 11	
This suggests that stretch couples with events initiated by ATP release to promote condensation. Indeed, 12	
the mechanically induced chromatin condensation required acto-myosin contractility, in agreement with 13	
other studies (39). It is likely that ATP release stimulates P2 receptors and calcium ion channels, resulting 14	
in increased  Ca2+ influx into cells (40). Binding of Ca2+ to calcium binding proteins, such as calmodulin 15	
and calcineurin, activate transcription and modify chromatin (41, 42). Likewise, exogenous ATP activates 16	
G protein-coupled P2Y receptors, leading to the activation of RhoA GTPases, which in turn increase 17	
cellular contractility (43) and vice versa (44). Other cell types have also been shown to regulate RhoA 18	
GTPase activation through activation of ATP-related purinergic signaling, or via the application of 19	
various forms of mechanical stimuli (23).   20	
Our data indicate that dynamic loading increases ATP release, which might be mediated by RhoA 21	
GTPase activation in MSCs. Previously we reported that load induced chromatin condensation was 22	
abrogated with removal of extracellular ATP or by inhibition of ATP release (16). Here, we show that 23	
chromatin condensation in MSCs occurs as a consequence of just 30 sec of DL, and that this is abolished 24	
17	
	
with treatment with a ROCK inhibitor, Y27 or an inhibitor of myosin activation, ML7. Furthermore, LPA 1	
or Y27 or ML7 treated cells were no longer susceptible to loading-induced chromatin condensation. This 2	
may be because treatment with LPA led to a burst release and depletion of ATP-stores, and insufficient 3	
myosin-II activity with treatment of Y27 or ML7 affected cell mechanosensitivity. Together these data 4	
suggest that rapidly released ATP, in response to DL, requires cell contractility for mechanically 5	
regulated chromatin remodeling. Furthermore, we show that these internal ATP stores are gradually 6	
restored after the initial burst release with short term DL, and that this restoration is abolished by 7	
treatment with inhibitors of ATP synthase (oligomycin or dicyclohexylcarbodiimide) located on the inner 8	
mitochondrial membrane. This suggests that ATP synthesis in mitochondria is required for cells to 9	
maintain their mechano-sensitivity in the context of repeated loading events. Interestingly, when a high 10	
level of exogenous ATP was added to cells pre-treated with contractility antagonists, chromatin 11	
condensation was also blocked. This finding supports the idea that mechanically induced ATP signaling 12	
depends on cellular contractility for both initiation and propagation of the transduction event. 13	
Transforming growth factor beta (TGF-β) superfamily members, including TGF-β and BMP, are 14	
a large family of regulatory proteins controlling proliferation, differentiation and other functions in many 15	
cell types (24-26, 38). These proteins interact with specific protein kinase receptors, including type I and 16	
the type II serine/threonine receptor kinases, which become activated upon ligand binding (45). This 17	
event generates intracellular signaling through the phosphorylation of SMAD proteins (45). Recent 18	
studies have shown that various types of mechanical stimuli also modulate TGF-β/BMP signaling and 19	
SMAD phosphorylation (39). For example, Zang et al reported that dynamic compression activated 20	
pSMAD2/3 and induced chondrogenesis of MSCs (46) and Kearney et al showed that cyclic uniaxial 21	
tensile strain enhanced BMP2 and osteocalcin expression through activation of pSMADs (47). 22	
Furthermore, the TGF-β superfamily is closely correlated with RhoA/Rho-associated protein kinase 23	
(ROCK) activity and regulation of cellular contractility. For example, Wang et el. showed that BMP 24	
release induced by changing cell shape and substrate mechanics can result in SMAD phosphorylation. 25	
18	
	
This resulted in rapid and sustained RhoA/Rho-associated protein kinase (ROCK) activation, increasing 1	
cellular tension (48) and inducing osteogensis of human mesenchymal stem cells (48). This 2	
differentiation could be blocked when cellular tension was abrogated. This suggests that TGF/BMP 3	
ligand binding induces phosphorylation of SMADs and regulates cellular contractility, mediated through 4	
ROCK and myosin signaling, and that this in turn can modulate MSC differentiation. Taken together, it is 5	
clear that the mechanically regulated SMAD signaling can activate RhoA/ROCK signaling, although the 6	
role that SMAD signaling on its own plays in establishing cellular contractility and how this impacts 7	
mechanically activated purinergic signaling remains to be determined.  8	
Towards this open question, we show here that the TGF-β superfamily is a key pathway in 9	
regulating loading induced chromatin condensation. Inhibition of pSMAD 2/3 (TGF) signaling using 10	
SB431542 or pSMAD 1/5/8 (BMP) signaling using LDN193189 abrogated load induced chromatin 11	
condensation. This is not surprising given that mechanical forces may trigger the release and activation of 12	
latent TGF-β in the surrounding ECM, which may induce chromatin condensation via autocrine signaling. 13	
Blockade of TGF-β superfamily signaling also resulted in the interruption of mechanically induced ATP 14	
release and [Ca2+]i influx, which blocked load-induced chromatin condensation. It is also possible that 15	
inhibition of these intracellular SMADs affected basic cellular metabolism. Indeed, application of the 16	
pharmacologic inhibitors to inhibit SMAD 2/3 or SMAD 1/5/8 resulted in significant decreases in cellular 17	
contractility. Interestingly, neutralizing antibodies to TGF-β did not alter baseline contractility suggesting 18	
that activation occurs in a ‘leaky’ fashion. These data suggests that SMAD signaling may play important 19	
roles in regulating baseline cellular contractility, even in the absence of exogenous ligands, and that this 20	
may be the mechanism by which this pathway regulates load-induced ATP release and chromatin 21	
condensation.  22	
In summary, our findings further explicate the molecular mechanisms of mechanically induced 23	
chromatin condensation in MSCs. We directly implicate ATP/purinergic signaling in MSC response to 24	
DL through the RhoA-ROCK pathway. Our data also indicate that chromatin condensation is regulated by 25	
19	
	
TGFβ/BMP signaling, through the establishment of a baseline level of cellular contractility, which in turn 1	
tunes their mechanosensitivity and responsiveness to mechanical perturbation (Fig.7).   2	
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Figure legends 17	
 18	
Figure 1. Chromatin remodeling occurs rapidly in response to dynamic tensile loading (DL), and 19	
depends on the contractile cytoskeleton. (A) In the absence of exogenous growth factors and 20	
with/without pre-treatment of LPA (an activator of G-protein coupled receptors), DL (3%, 0.2 Hz) for 21	
600s increases chromatin condensation and increases the number of visible edges in nuclei. When MSCs 22	
were pre-treated with a MLCK inhibitor (ML7) or a Rho-kinase inhibitor (Y27) prior to the application of 23	
DL, no significant changes in chromatin condensation were observed with DL (left: DAPI stained nuclei, 24	
right: corresponding edge detection, bar = 3 µm). (B) Heat map showing quantification of the chromatin 25	
condensation parameter (CCP) in response to DL (CM+DL), with addition of LPA (LPA+DL) or with 26	
20	
	
inhibition of acto-myosin contractility via ML7 (ML7+DL) or Y27 (Y27+DL) pre-treatment (n = ~ 55 1	
cells per condition per time point, from 3 replicate studies, each value indicates mean with the standard 2	
deviations shown in supplemental figure 1B, *: p<0.05 vs. CM without DL, +: p<0.05 vs. 0.2 Hz, ‡: 3	
p<0.05 vs. 0.5 Hz). 4	
 Figure 2. Dynamic loading triggers ATP release, which mediates chromatin condensation in MSCs. 5	
(A) Assessment of ATP concentration in the 1st media collected after cessation of short term DL (1Hz, 6	
3%) with various durations (5 sec, 10 sec, 20 sec, or 30 sec) or in the 2nd replacement media (that was 7	
switched and cultured for an additional 600s after cessation of each DL) (normalized to ATP 8	
concentration in CM condition: 76 nM , *: p<0.05 vs. CM conditions in red line, +: p<0.05 vs. 1st media 9	
with DL for 5 sec, #: p<0.05 vs. 1st media with DL for 10 sec, α: p<0.05 vs., 1st media with DL for 20 10	
sec, β: p<0.05 vs. 1st media with DL for 30 sec, mean ± SD). (B) Schematic showing experimental setup. 11	
(C) ATP concentration in conditioned media (normalized to ATP concentration in CM condition: 65 nM, 12	
red line, mean ± SD) and (D) CCP values under various conditions [a: CM media for 600s without DL, b: 13	
CM media for 30 sec followed by switching to new fresh media up to 600 sec without DL, c: DL 14	
condition (1 Hz, 3%, 30 sec), d: DL condition (1 Hz, 3%, 600 sec), e: DL condition (1 Hz, 3%, 30 sec) 15	
followed by free swelling up to 600 sec, f: DL condition (1 Hz, 3%, 30 sec) followed by free swelling up 16	
to  600 sec in fresh media, g: DL condition (1 Hz, 3%, 600 sec) with fresh media applied at 30 sec, n = 3 17	
from 3 biological replicates for (C), n = ~35 for (D), *: p<0.05 vs. a, mean ± SEM]. 18	
 19	
Figure 3. ATP content and release capacity is gradually restored after DL via ATP synthase activity 20	
in mitochondria. (A) Measurement of ATP release when an additional DL event is applied after the 1st 21	
DL event (normalized to the ATP concentration in CM conditions: 88 nM, DL: 1 Hz, 3%, 30 sec, blue 22	
line: ATP release by the 1st DL, red line: ATP concentration in CM conditions, n = 3 from 3 biological 23	
replications, +: p<0.05 vs. CM conditions, *: p<0.05 vs. 1h, mean ± SD). (B) Quantification of quinacrine 24	
dihydrochloride staining of ATP-filled vesicles in MSCs after 1st DL (DL), 1 hour after 1st DL (DL/FS 25	
1h), 4 hours after 1st DL (DL/FS 4h), 4 hours after 1st DL followed by an additional DL (DL/FS 4h/DL) 26	
(normalized to intensity in CM conditions, DL: 1 Hz, 3%, 30 sec, FS: free swelling, n = 3 from 3 27	
biological replications, *: p<0.05 vs. CM conditions in red line, mean ± SEM). (C) ATP release by an 28	
additional DL that was applied 4h after the 1st DL with/without treatment with ATP synthase inhibitors 29	
(normalized to ATP concentration in CM media: 76 nM, Oligo: oligomycin, DCC: 30	
dicyclohexylcarbodiimide, n = 3 from 3 biological replicates, *: p<0.05 vs. CM conditions in red line, +: 31	
p<0.05 vs. 1st DL 30 sec in blue line, α: p<0.05 vs. CM conditions, mean ± SD). 32	
 33	
Figure 4. Mechanically induced ATP release is mediated by cellular contractility.  (A) ATP release 34	
after LPA treatment or with application of DL (normalized to ATP concentration in CM conditions 55 35	
nM, DL: 1 Hz, 3%, 30 sec, blue line: DL conditions, red line: CM conditions, n = 3 from 3 biological 36	
replicates, *: p<0.05 vs. CM conditions, mean ± SD). (B-C) [Ca2+]i oscillations with LPA treatment (B: % 37	
responding cells, C: number of peaks in 10 min observation window, green line: response to 3% static 38	
stretch in CM conditions, *: p<0.05 vs. CM conditions, mean ± SD). (D) ATP release with the application 39	
of DL (CM+DL) with/without ML7 (ML7+DL) or Y27 (Y27+DL) pre-treatment (normalized to ATP 40	
21	
	
concentration in no DL media, DL: 1 Hz, 3%, 30 sec, red line: CM conditions, n = 3 from 3 biological 1	
replicates, *: p<0.05 vs. CM conditions, mean ± SD). (E-F) [Ca2+]i oscillations with 3% static stretch 2	
(relative to values in 0% stretch conditions, E: % responding cells, F: number of peaks in 10 min 3	
observation window, red line: CM conditions, n = ~ 30 cells, *: p<0.05 vs. CM conditions in red, mean ± 4	
SD). (G) CCP values with the addition of exogenous ATP (300 µM for 30 mins) with/without pre-5	
treatment with ML7 or Y27 (normalized to CCP in CM media, n = ~ 20, *: p<0.05 vs. CM conditions in 6	
red line, mean ± SEM). (H-I) [Ca2+]i oscillations in MSCs with the addition of exogenous ATP (300 µM) 7	
with/without pre-treatment with ML7 or Y27 (relative to values in CM conditions H: % responding cells, 8	
I: number of peaks in 10 min observation window, red line: CM conditions, n = ~ 30 cells, *: p<0.05 vs. 9	
CM conditions in red, mean ± SD). 10	
 11	
Figure 5. TGFβ/BMP signaling regulates load-induced chromatin condensation. (A) Schematic 12	
illustration of conditioned media studies including pre-treatment with inhibitors of TGFβ/BMP signaling 13	
pathways (SB: SB431542, LDN: LDN193189).  (B) Normalized CCP values in load-induced MSCs 14	
(relative to unloaded MSCs in CM conditions) after the cessation of DL (1 Hz, 3%, 600 sec) with/without 15	
pre-treatment with SB or LDN (n = ~20, *: p<0.05 vs. CM conditions in red line, mean ± SEM). (C) 16	
Normalized CCP in free swelling MSCs (relative to values in CM conditions) after treatment for 30 17	
minutes with DL-conditioned media (n = ~20, *: p<0.05 vs. CM conditions in red line, mean ± SEM). (D) 18	
Increases in ATP concentration in media after DL for 600 sec does not occur in SB/LDN pre-treated 19	
conditions (normalized to CM conditions in red line: 71 nM, n = 3 from 3 biological replications, *: 20	
p<0.05 vs. CM conditions, mean ± SD). (E-F) [Ca2+]i oscillations in MSCs in response to 3% static 21	
stretch with/without pre-treatment with SB or LDN (E: % responding cells, F: number of peaks in 10 min 22	
observation window, n = ~ 30 cells, *: p<0.05 vs. CM conditions in red, mean ± SD). 23	
 24	
Figure 6. Baseline traction force in MSCs is established by ligand-less TGFβ/BMP signaling. (A) 25	
Traction force maps for MSCs on 10 kPa polyacrylamide gels with/without addition of SB or LDN or 26	
Y27 (Quantification of total force per cell, line: cell border, bar = 25 µm),  (B) and the ratio of strain 27	
energy per cell spread area (n=16~31 cells per group, * p<0.05 vs. CM conditions, mean ± SEM). 28	
 29	
Figure 7. Schematic outlining the signaling pathways controlling mechanically induced chromatin 30	
condensation. Actomyosin-based cellular contractility is critical for mechanically induced chromatin 31	
condensation in MSCs. Dynamic loading (DL) induces ATP release within 30 sec and depends on 32	
baseline cellular contractility.  This ATP release in turn activates P2Rs (P2 receptors) and the resultant 33	
increase in intracellular Ca2+ activates the Rho/ROCK signaling pathway and cell contractility, amplifying 34	
the load-induced mechanical response. This ultimately culminates at longer time points in alterations in 35	
chromatin condensation.  While the precise mechanism remains undefined, inhibition of the transforming 36	
growth factor-β (TGF-β) superfamily decreases baseline cellular contractility, blocking the first step in 37	
load-induced chromatin condensation response. Solid lines: defined pathways, dashed-lines: undefined 38	
pathways.    39	
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Supplemental Figures and Legends 1	
 2	
sFigure 1. (A) Baseline CCP values with pre-treatment with LPA, ML7, or Y27 (red line: CM conditions, 3	
n = ~ 55 cells per condition per time point, from 3 replicate studies, *: p<0.05 vs. CM without DL, mean 4	
± SEM]. (B) Standard deviations for each value provided in figure 1B. (C) Line plots showing the 5	
correlation between the number cycles of DL and CCP values with/without agonists and antagonists of 6	
contractility.  Cells were fixed immediately after the final loading cycle (p values indicate comparisons 7	
between the slope of the response in experimental groups to the slope of CM+DL group via F-test, 8	
Bonferroni adjusted p value)  9	
34	
	
 1	
 2	
sFigure 2. Quinacrine dihydrochloride staining of ATP-filled vesicles in MSCs before/after the 3	
application of DL (1 Hz, 3%, 30 sec, left) and quantification (right, n = ~25, *: p = 0.05, mean ± SEM, 4	
scale bar = 20 µm). 5	
 6	
 7	
sFigure 3. (A) ATP concentration in conditioned media (normalized to ATP concentration in CM 8	
conditions: 65 nM, red line, mean ± SD) and (B) CCP values under various conditions [a: CM media for 9	
600s without DL, b: CM media for 30 sec followed by switching to new fresh media up to 600 sec 10	
without DL, c: DL condition (0.2 Hz, 3%, 30 sec), d: DL condition (0.2 Hz, 3%, 600 sec), e: DL 11	
condition (0.2 Hz, 3%, 30 sec) followed by free swelling up to 600 sec, f: DL condition (0.2 Hz, 3%, 30 12	
sec) followed by free swelling up to additional 600 sec in fresh media, n = 3 from 3 biological replicates 13	
for (A), n = ~35  (B), *: p<0.05 vs. a, mean ± SEM].  14	
35	
	
 1	
 2	
sFigure 4. ATP release in response to DL applied at various frequencies (0.2 Hz ~ 2 Hz, normalized to 3	
ATP concentration in CM conditions in red, n = 3 from 3 biological replicates, *: p<0.05 vs CM 4	
conditions, mean ± SD).  5	
 6	
 7	
 8	
 9	
sFigure 5. A representative [Ca2+ ]i oscillation curve for MSCs. 10	
 11	
 12	
 13	
 14	
 15	
 16	
 17	
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 1	
 2	
 3	
sFigure 6.  Population distribution of traction force (a) and average traction stress (b) with/without the 4	
addition of SB, LDN or Y27.  5	
 6	
 7	
 8	
 9	
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 5	
 6	
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 9	
sFigure 7. Quantification of cell area with pharmacological inhibition (n=16~31 cells per group, mean ± 10	
SEM).  11	
 12	
 13	
 14	
 15	
sFigure 8. (A) Quantification of total force per cell (nN) and (B) the ratio of strain energy per cell spread 16	
area with treatment with TGF-β neutralizing antibody (Anti-TGFβ, mean ± SEM, n=13~14 cells per 17	
group, mean ± SEM). 18	
 19	
 20	
 21	
 22	
